Novel two-pole microstrip bandpass filters consist of two slotted resonators with elliptical frequency responses are proposed. Due to two coupling paths that are equal-magnitude and nearly 1800 out-of-phase at certain frequencies, the filter has several transmission zeros in the stopband, resulting in excellent out-of-band response. The elliptical frequency response can be achieved without increasing the circuit area comparing to traditional two-pole open-loop resonator filters. In addition, some of the transmission zeros can be tuned to locate at certain frequencies to reject possible interference by adjusting the structural parameters of the slotted resonator, which hardly affects the passband performance. Furthermore, a tunable transmission zero can be moved to suppress the spurious passband. Consequently, the proposed filters not only have compact size but also have pretty good out-of-band response.
I. INTRODUCTION
In microwave communication systems, bandpass filters are essential components that are widely used in both receivers and transmitters. Miniaturized filters are always in demand for systems requiring small size and light weight. Also, of course, having good selectivity and out-of-band response is crucial. Elliptic-type bandpass filters have attracted much attention recently because they have several transmission zeros in the stopband to reject possible interferences. However, filters with elliptical frequency responses are often composed of larger number of resonators (N>4) in order to achieve the cross coupling, resulting in larger sizes and higher insertion losses in the passband [ 1] - [4] .
Figure 1(a) shows a traditional second-order open-loop resonator filter. It is well known that there are two suitable feed points on the input/output resonator for a given external quality factor. As described in [5] , filters with skewsymmetrical (zero-degree) feeding structure exhibits two extra transmission zeros in the stopband. However, its out-of-band response is still not good enough. In this paper, a quasielliptical bandpass filter shown in Fig. 1(b) is proposed, which is consisted of only two slotted resonators. It has significant improvement in size reduction because number of resonators is smaller in comparison with the traditional cross-coupled filters [1] - [4] . In addition, the proposed structure creates some tunable transmission zeros shown in Fig. 2 . The tunable transmission zero can also be adjusted to locate at the spurious passband of the filter to extend the stopband of the filter. As a result, the proposed quasi-elliptical filter not only has small size but also has excellent stopband response. 
II. SECOND-ORDER ELLIPTICAL BANDPASS FILTER
To improve the stopband response, this paper proposed an elliptic-type microstrip bandpass filter. The proposed secondorder filter shown in Fig. l(b) is formed by two resonators. Each of the resonators has a narrow slot at the center of strip. Figure 2 shows the simulated results of the filter. As can be seen, there are several transmission zeros in the stopband of the filter. Further, by adjusting the parameter S shown in Fig. 1(b), some of the transmission zeros can be tuned, which hardly affects the passband performance. In comparison with traditional two-pole open-loop resonator filters, Fig. 3(a)-(c) shows the simulated results with fractional bandwidths (FBW) 3.2%, 5%0, and 8%, respectively. As can be seen, the proposed filter has a better stopband response. Additionally, it is obvious that the transmission zeros near the passband of the proposed filter are closer to the cut-off frequency than the other filters, thus a much sharper filter skirt and higher selectivity, which approximately equal to a four-pole filter response can be achieved. The explanation for the creation of transmission zeros is illustrated in Figs. 4(a) and (b) . Due to the equal-magnitude and nearly 1800 out-of-phase coupling through the upper and lower paths that cancel out each other at certain frequencies, the overall frequency response of the filter exhibits several transmission zeros at these frequencies in the stopband.
The filter design is based on the traditional design procedure, as described in [6] . In order to obtain the structural parameters of the filter such as the coupling gap (d) and input/output tapped point (t1 and t2), full-wave simulator IE3D has been used to extract the coupling coefficient and external quality factor. The coupling coefficient M is evaluated from two dominant resonant frequenciesf1 andf2 given as [6] :
The external quality factor Q, can be characterized by [6] :
where fo and 6f3tdB represent the resonant frequency and the 3-dB bandwidth of the input or output resonator. The specifications and dimensions of the second-order bandpass filter are given in Table I .
It is worth mentioning that the coupling coefficients obtained from (1) are very small for both the first and the third resonant modes, which are demonstrated in Fig. 5 To demonstrate the proposed structure, consider a filter with center frequency and FBW 1.45GHz and 500, respectively. The filter is designed to be fabricated using copper metallization on a Rogers R04003 substrate with a relative dielectric constant of 3.38, a thickness of 0.508 mm, and a loss tangent of 0.002. The corresponding dimensions are listed in Table I . The parameter S shown in Fig. 1 -A n nna to be 4mm. Figure 6 shows the photograph of the fabricated filter. The size of the filter is about 23.7mm by 22.4mm, i.e. approximately 0.1 82g by 0.1 7Xg, where kg is the guided wavelength on the substrate at the center frequency.
The fabricated filter was measured with an Agilent E8364B network analyzer. The measured and simulated results of the filter are illustrated in Fig. 7 . The measured passband return loss is below -18 dB and the passband insertion loss is about 1.9 dB. The insertion loss would be attributed mainly to the conductor loss. The measured results are in good agreement with the simulated predictions. In microwave communication systems, bandpass filters are also required to have wide stopband response in order to improve the system performance. However, due to the unequal even-and odd-mode phase velocity, spurious passband will occur at twice of midband frequency for traditional microstrip half-wavelength resonator bandpass filters. As described in II, some transmission zeros of the proposed filter can be tuned by adjusting the structural parameter S. Thus, a transmission zero is tuned to locate at the spurious passband to overcome the problem mentioned above.
In order to demonstrate the proposed idea, a filter with the center frequency of 1.45GHz and FBW of 500 was designed and fabricated on a Rogers R04003 substrate. The parameter S is chosen to be 13.6mm. Figure 8 shows the photograph of the fabricated filter. The size of the filter is equal to the above example.
The measured and simulated results of the filter are illustrated in Fig. 9 . As can be seen, the spurious passband at about 3GHz has been rejected, thus much better stopband response. The measured passband return loss is below -20 dB and the passband insertion loss is about 2.4 dB. The insertion loss would be attributed mainly to the conductor loss. The measured results are also in good agreement with the simulated predictions.
IV. CONCLUSION
Novel two pole microstrip bandpass filters with elliptic-type response have been proposed in this paper. The elliptical filter is formed by two slotted coupled resonators, showing a very small size when compared with the traditional elliptic-type bandpass filters. In addition, by adjusting the structural parameter S, the transmission zeros can be tuned, which hardly affects the passband performance. These tunable transmission zeros can be easily moved to locate at certain frequencies, such as the spurious passband of the filter in order to obtain a wide stopband response. With the aforementioned advantages of small sizes and good stopband responses, the proposed elliptic-type filters are quite useful for applications in future mobile communication systems. 
